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Abstract. The dependences of statistical parameters inherent to speckle patterns on the 
object roughness and aperture size have been investigated. The experimental results that 
confirm theoretical dependence quality within the limits of errors were obtained. It has 
been shown that spatial finiteness of the optical system causes significant changes of 
transferred field. 
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1. Introduction 
Speckles play an important role in many fields where 
optical radiation is transmitted by or reflected from 
objects with a wavelength-scale roughness [1]. 
Important cases include determining the size of small 
particles by using the dynamic light scattering method 
[2], synthetic-aperture radar imagery in the microwave 
region [1], ultrasound medical imagery of organs of 
human body [3], optical coherence monitoring laser-
based techniques are a promising tool for studying cell 
activity [4], etc. However, random wave phase 
distortions often occur when the tested object is 
illuminated or wave propagates through the measuring 
channel. This fact was noticed in [5], where results of 
diffuse surface testing were significantly regressed 
because of the speckle patterns in the registration area of 
the Shack-Hartmann sensor (Fig. 1). The main reason of 
the errors is both deformation of Fourier image of the 
forming lens aperture in the CCD matrix plane in the 
presence of phase heterogeneities and random centroid 
offset because of fluctuations of the speckle pattern field 
intensity. Obviously, the determinant factor that 
describes these effects is the average spot size of the 
speckle pattern. It is considered that the spot size in the 
Fourier plane depends on the aperture of the forming 
lens diaphragm only and does not depend on the 
statistical characteristics of the diffuse surface, in 
particular, on relief correlation properties [1]: ε∼λz/a, 
where λ is the wavelength, z – distance between the 
object and the observation plane, a – size of the 
illuminated aperture. This approach is valid when the 
spatial spectrum of the optical field is wide enough, at 
least, it is much wider than the spectral function of the 
aperture. However, this claim is fundamentally wrong 
for the spatially limited optical system. Therefore, the 
statistical characteristics of speckle patterns must be 
defined by the correlation properties of phase distortion 
of the field. Thus, investigation of the influence of 
spatial finiteness of optical system on properties of the 
transferred speckle field is the purpose of this paper. 
 
 
Fig. 1. Influence of small phase fluctuations on the focused 
spots of the hartmannogram. 
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2. Theory 
Let’s consider formation of the speckle field by using 
the optical setup schematically shown in Fig. 2. 
The optical field E0 is transformed by the diffuser 
D and 4F transfer system L1–L2 (with the spatial filter A 
in the confocal plane). The aperture A is used to control 
the transfer function of 4F system, therefore it could be 
used to control correlation parameters of the transferred 
optical field. Intensity distribution in the focal plane of 
the lenslet array is registered by a CCD-photodetector. 
Here and in what follows, ξ is the coordinate in the input 
plane, ξ΄ – coordinate in plane of LA (conjugated with 
the input plane by the transfer system L1–L2), ζ – 
coordinate in plane of the aperture A. Let us consider the 
phase diffuser with the transmission function:  
( ) ( )ξϕ=ξ iet , (1) 
where correlation properties of ϕ(ξ) is defined by the 
dispersion σϕ, correlation radius ρ0 and correlation 
coefficient γφ. Then, the field behind the diffuser is given 
as:  
( ) ( )ξϕ=ξ ieEE 0 . (2) 
In a general case, the transmission in 4F-system is 
characterized by double Fourier transform with account 
of the aperture transmission function [6]: 
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where Fˆ  denotes Fourier transform, k =2π/λ is the wave 
vector, F – focal length of lenses in the 4F system, P(ζ) 
– aperture function. Let’s use the spatial frequency 
F
kζ=ω , (4) 
then, (3) can be expressed as: 
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Fig. 2. Schematic diagram of optical setup for wavefront 
sensing in a speckle field. 
where λ= ikFc /2 . The correlation function that defines 
intensity distribution for (3) is obtained as: 
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For statistically homogeneous Gaussian field, both 
for a weak ( 12 <<σϕ ) and strong diffuser ( 12 >σϕ ), the 
correlation function can be approximated as [7]: 
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where ρk is the effective correlation radius (ρk ≈ ρ0 in the 
case of weak diffuser). Analyzing the field in the ξ´-
plane, one can see that the speckled image is defined by 
a “smoothed” diffuser te(ξ΄). The transmission function 
of “smoothed” diffuser is defined by convolution of real 
transmission (1) and spatial spectrum of the aperture of 
4F system ( )ξ′P~ : 
( ) ( ) ( ) ( ) ( )dzezPtPt zie ∫+∞
∞−
−ξϕ=ξ∗ξ=ξ '~''~' . (9) 
Then, the correlation function (7) will be expressed 
as:  
( )
( ) ( ) ( ) ( )
( ) ( ) ( )
( ) .''
''~~
~~
','
12
222110211
2
''
211
211
2211
ξ−ξ=
=+ξ−−ξ=
==
=ξξ
∫∫
∫∫
∞+
∞−
∞+
∞−
∞+
∞−
−ξϕ−ξϕ
∞+
∞−
G
dzzzGzPzPdz
dzeezPzPdz
G
zizi
 
(10)
 
The correlation value G(ξ1 − ξ2) in (7) depends on 
the correlation radius in the diffuser relief ρ0, and, 
according to (10), the correlation value G(ξ΄1 − ξ΄2) of 
optical field, which transferred by 4F system, depends 
on the correlation radius of equivalent diffusive surface 
of “smoothed” diffuser ρk. Thus, the correlation radius 
can be changed due to the aperture function.  
In the case of Gaussian transmission function:  
( ) 20
2
2ω
ω
ω
−
= eP , (11) 
where ω0 = ka/F corresponds to the effective trans-
mission radius of the binary aperture of a diameter a, 
with the spatial spectrum: 
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(10) takes the form of: 
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where ξ1 − ξ2 = ρ. Simple transformation of the 
correlation function (13) leads to the following form: 
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The integral (14) could be transformed into: 
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where the correlation function depends on ρ and the 
required effective correlation radius ρef. The required 
effective correlation radius can be received as:  
2
02
0
2
0
2
0
2
02 22 ρ+ω=ω
ρω+=ρef . (16) 
Two cases could be considered: 
1) The aperture size is much greater than the phase 
correlation radius in the diffuser plane ( 220
2
0 >>ρω ). In 
this case, 0ρ≅ρef , i.e. the correlation radius of the 
equivalent diffuse surface does not depend on the 
aperture size and is defined by the correlation radius of 
diffuser only. 
2) The aperture size is much smaller than the phase 
correlation radius in the diffuser plane ( 220
2
0 <<ρω ). 
Then, 
0
2
ω=ρef , i.e. the effective correlation radius ρef, 
conversely, does not depend on the correlation radius of 
the diffusive surface and is defined by the aperture. 
The dependence of ρef on the aperture diameter a 
and the initial correlation radius ρ0 is shown in Fig. 3. 
One can see that the decrease in the aperture size leads 
to the increase in the effective correlation radius; it is 
obvious in the view of optical filtration. Practically, for 
the initial correlation radius ρ0~50 μm the condition 
220
2
0 >>ρω  holds with the aperture size а = 1 mm. 
It should be mentioned that usually the aperture 
transmission is the binary function: 
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with its spatial spectrum ( ) ( )20sinc~ ξ′ω=ξ′P . The value of 
correlation radius can be obtained from (11) and (17) by 
using computer simulation. It is defined by e−½-level of 
the normilized correlation function G(ρ)/G(0) (Fig. 4). 
The results for apertures (11) and (17) are compared in 
the table. 
 
 
0
10
20
30
40
50
60
ρef, μm
0 10 20 30 40 50 ρ0, μm
1,0
1,5
3,0
a, mm:
 
Fig. 3. The dependence of the effective correlation radius ρef 
on the initial correlation radius ρ0 for various sizes of the 
aperture A. 
 
 
 
Fig. 4. Normalized correlation function G(ρ)/G(0) for various 
values of the initial correlation radius ρ0 and aperture A size of 
1 mm. 
 
 
Table. Values of the effective correlation radius ρef 
obtained from a rough estimation (11) and exact computer 
calculation (17). 
ρ0, μm ρef , μm (11) ρef , μm (17) 
5 15.0 10.8 
10 17.4 14.3 
15 20.6 21.2 
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One can see that the values of effective correlation 
radius do not coincide because of different physical 
meaning of the parameter ω0 in (11) and (17), but ρef 
increases with increasing ρ0 in both cases. 
3. Experimental results and discussion 
Experimental setup for investigation of the mentioned 
phenomenon is shown in Fig. 5. The collimated laser 
beam passes through the ground-glass diffuse plate DP; 
the outgoing plane is translated to the measuring plane 
by means of the telescopic system L2-L3. The statistical 
parameters of the speckle field in the measuring plane 
are determined by the ground glass roughness and the 
diameter of the adjustable spatial filter A. The photo-
detector CCD captures speckle patterns. Image data from 
CCD are processed by the computer PC. 
Fig. 6 shows the speckle images for different 
correlation radii of the speckle field. 
 ρef, μm 
a, mm20
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Fig. 7. Measured values of the effective correlation radius in 
the dependence on a size of the aperture A. 
 
 
L1 L2 collimator CCD A DP 
to PC
He-Ne laser 
 
Fig. 5. Optical setup for speckle patterns investigation.  
 
 
 
Fig. 6. Speckles for different effective correlation radii of the speckle field: a) without a speckle; b) ρef is 60 μm; c) ρef is 40 μm; 
d) ρef is 25 μm.  
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Since in our investigation we used isotropic media, 
the speckle patterns were formed only by distribution of 
the surface heterogeneity. In other words, optical cohe-
rent light with an arbitrary wavefront forms the speckle 
that is equal to the heterogeneity size. The main result of 
measuring the correlation radius is shown in Fig. 7. 
As one can see, the effective correlation radius 
depends not only on the initial correlation radius of the 
surface, but also on the aperture of the limited optical 
system (same as in Fig. 3). Considering the appro-
ximations described above, the agreement between the 
calculated and experimental correlation radii is quite 
good. We are indeed able to predict the main features of 
the transferred optical signal, though the calculated 
correlation radius can be slightly higher than the 
measured one. 
4. Conclusions 
The proposed model of the optical signal transformation 
by using the spatially limited optical system has been 
investigated theoretically and experimentally. The 
theoretical predictions have been compared with the 
experimentally obtained dependences of the correlation 
radius for different apertures. The obtained experimental 
results have confirmed the theoretical calculations. 
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